The E5a gene of human papillomavirus type 11 (HPV-11) is a transforming oncogene. In this study, we investigated the mechanism of E5a induced transform- 
Introduction
Human papillomavirus type 11 (HPV-11) is generally associated with benign proliferative lesions that infrequently lead to cancer (Chen et al., 1993b) . The predominant viral transcript of HPV-11 in genital condyloma and respiratory papillomata potentially encodes E1 ^E4, E5a and E5b proteins (Chen& Mounts, 1989; Chow et al., 1987) . The E5a and E5b proteins can be detected in biopsy specimens of HPV-6c [the independent isolate of HPV-11, Chen et al., 1993a] (Chen& Mounts, 1989) . E5a of HPV-11 can induce foci formation, anchorage-independent growth and tumorigenesis in nude mice in NIH 3T3 cells, and anchorageindependent growth in C127 cells and in immortalized human epidermal keratinocytes (Chen& Mounts, 1990; Tsao et al., 1994a) . In addition, we have shown that the E5a gene of HPV-11 is required only for initiation of transformation; c-Jun might play a role in the maintenance of transformation (Chen et al., 1994a) .
The members of the jun gene family, including c-jun, junB and junD, encode components of the tetradecanoyl phorbol acetate (TPA)-inducible transcription factor AP-1 (for a review, see Angel & Karin, 1991) . The c-Jun protein is a major component of the transcription factor AP-1. AP-1 is believed to regulate the transcription of a * Author for correspondence. Fax +886 2 3686028. e-mail SLCHEN@NDMCI.NDMCTSGH.EDU.TW set of genes important for cell growth and differentiation. c-Jun proteins can form homodimers or heterodimers with proteins of the Fos family (c-fos,fosB, fra-1 andfra-2 encoded) (Halazonetis et al., 1988) . These dimers bind to the TPA responsive element (TRE) present in the promoters of various genes, thereby regulating their expression in response to TPA. TRE has been found in the c-jun gene promoter itself, and it is thought that c-jun positively regulates its own expression via this TRE (Angel & Karin, 1991) . Both c-jun and c-fos are immediate early genes, whose expression is rapidly and transiently induced by extracellular stimuli. Therefore, these genes act as nuclear messengers converting a cytoplasmic signal into changes in gene expression.
Thejun gene can be induced by external stimuli such as epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) (Ryder & Nathans, 1988) . The increased signal transduction from EGF to the nuclear expression of c-fos by the HPV-16 E5 oncogene had been demonstrated (Leechanachai et al., 1992; Bouvard et al., 1994) . Functional cooperation between two different oncogenes (such as Ha-ras and c-jun) is thought to be related to multistep carcinogenesis (Binetruy et al., 1991) .
Cooperation implies that either the two oncogenes function in complimentary pathways, or that one oncogene enhances the activity of the other (Hunter, 1991) . In the case of c-jun and HPV-11 E5a, we have shown that E5a is required for initiation but not maintenance of transformation, c-Jun may play an important role in the maintenance of transformation 0001-3385 © 1995 SGM S.-L. Chen and others (Chen et al., 1994a) . In addition, antisense oligonucleotides of c-jun could abolish c-Jun protein expression, but only 40 % inhibition inhibits the proliferation of E5a transformed cells 
Methods
Celt culture. NIH 3T3 cells and their derived cell lines containing the E5a gene (Tsao et al., 1994a) were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum (GIBCO). Immortalized human keratinocytes (Z134, a gift from Dr V. Defendi) which are S¥40 immortalized human epidermal keratinocytes, and their derivative cell lines containing the E5a gene were maintained in DMEM containing 10 % NuIV serum, 100 Bg/ml EGF and 250 gg/ml hydrocortisone (Collaborative Research; Pecoraro et al., 1989) .
Northern blot hybridization. Total cytoplasmic RNA was prepared from cell lines and analysed by Northern blot hybridization as described previously (Chen et al., 1994a) . Filters were washed to remove non-specifically bound probe, air-dried, and exposed to Kodak XAR film with Dupont Lightning-plus intensification screens.
Nuclear run-on assay. Nuclear run-on transcription assays were performed according to Tsao et al. (1994b) . Cells were homogenized with a Dounce homogenizer in buffer [10 mM-Tris-HC1 (pH 8.0), 5 mMdithiothreitol (DTT), 0'3 u-sucrose and 0.1% Triton X-100]. Nuclei pellets were obtained by centrifugation at 160000 g at 1 °C for 90 rain. The pellets were then washed with buffer (containing 50 mM-Tris HC1, pH 8.0, 0.1 mM-EDTA, 5 mM-MgC12 and 0.5 mM-DTT) and resuspended in storage buffer (40% glycerol, 50 mM-Tris-HCl pH 8.0, 5 rnM-MgCl 2 and 0-I mM-EDTA) and stored at -70 °C before use.
Transcription assays were performed as previously described . Nuclei (5x l0 T) were incubated in the reaction buffer Western blot. Cellular proteins were extracted in SDS polyacrylamide gel electrophoresis loading buffer. After being boiled for 10 rain, about 120 Bg of each crude protein lysate was separated by SDS PAGE, Western blotted to nitrocellulose, reacted with rabbit polyclonal anti-c-Jun serum, or monoclonal mouse anti-c-Fos serum (Oncogene Science), and visualized by goat anti-rabbit immunoglobulin G or goat anti-mouse immunoglobulin G, and Western Blue stabilized for alkaline phosphatase (Promega).
Transfeetions and CAT (chloramphenicol acetyltramferase) assay.
Cells were seeded at a density of 500000 cells per 100 mm dish 24 h prior to transfection. Transfections were carried out by a calcium phosphate precipitation method with 5 gg ofplasmid pMt. E5a2 (Chen et al., 1994a ) and 3 Bg of each CAT reporter plasmid. Cells were harvested 60 h after transfection. As an internal control for the variation in transfection efficiency, 2gg of pCHll0, a plasmid containing the Escherichia coli lacZ gene (Wu & Mounts, 1988 ) that was used to monitor fl-galactosidase activity, was cotransfected with the test plasmids to normalize the CAT assay. Equal amounts of the cell lysates were incubated with 8 BCi [14C]chloramphenicol and 4 mMacetyl-coenzyme A at 37 °C for 30 min in a total volume of 200 gl reaction mixture.
[14C]Chloramphenicol and its acetylated products were separated by TLC and chromatograms were exposed to X-ray film. The conversion of chloramphenicol to the acetylated form was quantified by liquid scintillation counting of 14C-labelled spots on the TLC plate.
Results
Previously, we have shown that three NIH 3T3 cell lines -NE5al, NE5a2 and NE5a3-containing the HPV-11 E5a gene have transformed morphology, anchorageindependent growth, and are tumorigenic in nude mice. In addition KESa cells, which are human epidermal keratinocytes containing the E5a gene, can induce anchorage-independent growth, but are not tumorigenic in nude mice (Tsao et al., 1994a) . NE5al, NE5a2, NE5a3 and KE5a cells contain the E5a gene under the control of the mouse metallothionein promoter, in which expression of the E5a gene can be induced by zinc treatment. Since the metallothionein promoter has a basal activity in the absence of zinc, all these E5a transformed cells could express E5a under the normal culture conditions (Chen & Mounts, 1990; Tsao et al., 1994a) . In this study, we used these stably transformed cells (by E5a) or cells transiently transfected with the E5a gene to investigate the mechanism of E5a induced transformation. expressing k e r a t i n o c y t e s -K E 5 a -t h a n in Kneo cells (keratinocytes containing vector only; Tsao et al., 1994a) . The expression ofjunB and c-fos in the control N I H 3T3 cells and c-jun and junB in the control keratinocytes was too low to observe under the experimental conditions; however, it could be detectable with longer autoradiographic exposure. The filters were rehybridized with a G A P D H probe to demonstrate that equal amounts of R N A were loaded in each lane.
Differential expression of c-jun, junB, junD and c-fos in E5a transformed cells
To confirm that the elevated levels of c-jun and c-fos 
Transcriptional activities of c-jun, junB, junD and c-fos promoters in response to E5a
To further study the mechanism of regulation of c-jun, junB, junD and c-fos gene expression by E5a, we performed transient transfection analyses with the E5a junB and junD (JB2 and JD630, kindly provided by R. de Groot), and c-fos (pFC700; Fisch et al., 1987) by CAT assay. All these promoters fused to the bacterial CAT gene were used as reporter constructs and were cotransfected into cells with an E5a expression vector (pMtE5a2; Chen et al., 1994a) or vector without insert. Table 1 shows a 5.2-fold increase of c-jun promoter CAT activity in NIH 3T3 cells resulting from the conversion of substrate: 45.7% in the presence of E5a, 8"8% in the absence of E5a. The 3.7-fold increase of c-jun promoter CAT activity in keratinocytes was due to the conversion of substrate: 35.9 % in the presence of E5a, 9"7 % in the absence of E5a. The 4-1-fold increase of c-fos promoter CAT activity in NIH 3T3 cells was from the conversion of substrate: 25' 1% in the presence of E5a, 6-1% in the absence of E5a. There was no activation of c-fos promoter by E5a in keratinocytes. In addition, there was no activation ofjunB andjunD promoters by E5a. Three repetitions of these experiments revealed similar results.
The expression of junB RNA was elevated in E5a transformed cells (Fig. 1) , but the junB promoter used, which contains 574 bp promoter sequences (de Groot et al., 1991 c), was not activated by E5a (Table 1) . However, as endogenous junB transcription may be stimulated by E5a throughjunB gene regulatory elements which are not included in this junB promoter construct, we performed a nuclear run-on assay to distinguish whether junB transcription is activated by E5a or not. Nuclei from NE5al and Nneo cells were isolated and transcription reactions were performed as described in Methods. RNAs were isolated and hybridized to nitrocellulose filters which contained cDNA fragments of c-jun, junB and fl-actin. Fig. 3 shows that E5a could activate c-jun and junB transcription. Basal expression of junB was very low, but identifiable nonetheless. Similarly, Northern blotting of control cells also revealed low level expression ofjunB (Fig. 1) . Taken 
Inductive expression of c-jun and junB by E5a in the zinc inducible system
To further establish the relationship between E5a and cjun andjunB, we used a heavy metal inducible system to control the expression of E5a. The expression of E5a is regulated by the mouse metallothionein promoter in E5a transformed cells, and elevated levels of expression can be induced by zinc treatment. 
Effect of serum on c-jun gene expression in E5a expressing keratinocytes
To test whether the effect of E5a on c-jun gene expression is serum-dependent or -independent, we measured the cJun protein levels under normal growth condition (10 % serum) or serum starvation conditions (0"5 % serum). Fig. 5 (a) shows that the level of c-Jun in NE5al, NE5a2 and NE5a3 cells was not significantly decreased by serum starvation, whereas in KE5a keratinocytes, c-Jun was decreased to an undetectable level by shifting growth medium from 10 % NuIV, E G F and hydrocortisone to 0.5 % NuIV without E G F and hydrocortisone (Fig. 5 b) .
In addition, expression of c-jun in parental keratinocytes was hard to detect under normal growth conditions (Figs 1 and 2) or serum starvation condition (data not shown).
Ryder & Nathans (1988) 
Discussion
E5a protein of HPV-11 is known to transform both N I H 3T3 cells and immortalized human epidermal keratinocytes (Chen & Mounts, 1990; Tsao et al., 1994a) . The mechanism of transformation by E5a is not clear. Here we show that the expression of c-jun and junB, but not junD, was activated by E5a in N I H 3T3 cells and human keratinocytes. However, the expression of c-fos was activated by E5a in N I H 3T3 cells, but not in keratinocytes. We further investigated the mechanism of c-jun and junB induction by E5a. The results show that E5a constitutively activated the expression of c-jun and junB at the initiation of transcription level.
The c-jun gene is an immediate early gene, with a role in the signal transduction that is involved in regulation of cell growth (Angel & Karin, 1991) . The deregulation of c-jun expression is known to lead to cell proliferation. Constitutive activation of c-jun is observed in cells transformed by the E1A protein of adenovirus , polyomavirus middle T antigen (Schonthal et al., 1992) , the X protein of hepatitis B virus (Twu et al., 1993) , and in human T lymphotrophic virus type I and II (HTLV-I/II) infected cells (Craig Hooper et al., 1991) . Hence, at least some of the effects of these viral oncogenes on transformed cells are likely to be mediated by a cascade of transcriptional activities, in which c-jun may play one of the final roles through direct binding and activation of various regulatory genes whose expression is induced during this process. As to junB, there are different reports about junB gene expression up-or down-regulated by viral oncogenes. It had been reported that c-jun gene expression is activated and junB expression is repressed by E1A in rat 3Y1 cells (Kitabayashi et al., 1991) and by adenovirus type 12 E1A (de Groot et al., 1991b) . However, some reports showed that c-jun and junB mRNA levels are greatly increased in P19 EC cells expressing the E1A gene of adenovirus type 5 (de Groot et al., 1991a) , and in HTLV-I/II infected cells (Craig Hooper et al., 1991) , and are transiently increased as an immediate effect of p21ras (Sistonen et al., 1989) . Similarly, it has been reported that transcription of c-jun andjunB is activated in response to the mitogenic factors phytohaemagglutinin (PHA) (Craig Hooper et al., 1991) and transforming growth factor fl (TGF-fl) (Niitsu et al., 1988) . Here, our results show that c-jun and junB gene expression could be activated in E5a transformed NIH 3T3 cells and human immortalized keratinocytes. In the case of E5a transformed cells, c-jun and junB are considered as immediate early genes in response to E5a, and hence could contribute to the susceptibility of the cells to proliferation.
Our results show that expression of the c-jun gene is strongly increased in E5a transformed cells ( Fig. 1 and Fig. 2a) and also in cells cotransfected with E5a expression vectors and a c-jun reporter plasmid (Table 1) . One component of this effect is enhanced transcription of the c-jun gene mediated via the AP-1 binding site in the c-jun promoter. Since the c-Jun protein itself participates in AP-1 formation, it is likely that E5a increases c-jun expression by stimulation of this autoregulatory loop. Similarly, recent reports also showed that E1A of adenovirus, middle T antigen of polyomavirus and Haras can induce c-jun gene expression through efficiently transactivating the c-jun promoter (Binetruy et al., 1991 ; de Groot et al., 1991a; Kitabayashi et aI., 1991; Schonthal et al., 1992) .
Our results show that c-fos could be activated by E5a in NIH 3T3 fibroblasts, but not in human keratinocytes (Figs 1 and 2 , Table 1 ). Similarly, recent reports showed that 3T3-A31 fibroblasts expressing the HPV-16 E5 gene have enhanced expression of c-fos in the presence of EGF stimulation (Leechanachai et al., 1992; Bouvard et al., 1994) . The difference in c-fos gene expression in our studies between the E5a transformed NIH 3T3 cells and keratinocytes might reflect the different potential transforming activity of E5a in these cells. Previously, we showed that the E5a gene of HPV-11 expressed in NIH 3T3 cells led to anchorage-independent growth and tumorigenesis in nude mice, whereas when expressed in keratinocytes, E5a induced anchorage-independent growth, but was not tumorigenic in nude mice (Tsao et al., 1994 a) . We are currently studying how might these protooncogenes (c-jun, junB and c-fos) activated by E5a contribute to cell transformation.
We demonstrate that the depletion of EGF could reduce c-jun expression in E5a expressing keratinocytes (Fig. 5 c) . The ligand EGF is a mitogen for keratinocytes and is essential for the growth of primary keratinocytes in vitro (Rheinwald & Green, 1977) . It is known that EGF receptors are present on all epithelial cells such as cervical mucosal cells (Carpenter & Wahl, 1990) . The study of HPV-16 E5 in keratinocytes showed that E5 can delay the internalization and degradation of EGF receptors (Straight et al., 1993) . EGF receptor is a transmembrane receptor protein with a ligand-activated tyrosine kinase activity (Carpenter, 1987; Ullrich & Schlessinger, 1990) . Activation of EGF receptors has been shown to induce c-jun gene expression (Angel & Karin, 1991) . Since the expression ofc-jun was decreased in the absence of EGF in E5a transformed keratinocytes, it is possible that E5a induced c-jun gene expression through the EGF receptor signalling pathway in keratinocytes. Supportive evidence comes from the observation that HPV-6 E5 protein can form complexes with EGF receptors (Conrad et al., 1994) . It will be interesting to find out through which signalling pathway E5a affects cjun gene expression via EGF receptors.
